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Multi-combination vehicles (MCVs) are road freight vehicles comprising a prime mover 
towing two or more trailers. At each articulation point, movements occur due to the driver, 
vehicle, road and environment such as driver steering, vehicle length, road roughness and 
side wind loading, respectively. These lateral displacements dictate the lane width required 
for vehicles using the road and, if ignored or predicted inaccurately, can affect the cost or 
safety of the road. Previous research (Prem et al., 1999) estimated the lane width 
requirements for several MCVs on two routes with average roughness. 
 
In this current study, a full scale testing programme was undertaken on a rough road to 
measure the lateral displacement of the rear trailer of a B-Double on a nominally straight 
path. Video footage was recorded during the tests from a camera on the top of the prime 
mover which was aimed at target boards at the rear of the vehicle. Lateral movements of 
the trailers were extracted from the video data – these were relative to a moving frame of 
reference, namely the prime mover which was subject to driver steering inputs. 
Corrections were made for the relative angle between the prime mover and the trailers, 
which was found to vary with the applied steering angle. These corrections were found to 
result in an increased estimate of the lateral displacement and hence the lane width 
required. 
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 1. 
1 Introduction  
 
Tracking ability describes the ability of the 
trailers of a multi-combination vehicle (MCV) 
to follow the path taken by the driven unit. It 
is quantified by the total swept width, 
including the vehicle width and the amount of 
lateral displacement that trailers undergo 
whilst travelling at high speed over straight 
road sections. It is used to determine the lane 
width requirements of roads with the 
provision that all wheels of heavy vehicles 
should remain on the sealed surface and 
within the allocated traffic lane. If the lane 
width is insufficient, there is an increased 
probability of trailers leaving the lane, 
causing shoulder damage or encroaching into 
traffic lanes used by oncoming traffic (NRTC, 
2001). 
 
 
Figure 1-1: Limited lane width available for passing 
or overtaking (Main Roads Western Australia, 
2001) 
 
The tracking ability performance depends on 
vehicle factors such as the arrangement of 
trailers and connections, vehicle length, 
suspension and tyre properties, operator 
steering, speed and misalignment of the axles. 
Road and environmental factors include 
roughness, cross-slope and side loading such 
as wind-gusts (Prem et al., 1999). 
 
2 Background 
In the late 1970’s, the Alberta Department of 
Transportation specified that the rear unit 
travelling on smooth and level surfaces 
should not shift more than 80mm to either 
side when travelling in a straight line (Prem et 
al., 1999). NAASRA (1978) adopted a figure 
of 100mm for use in Australia. Prem et al. 
(1999) explained that further work was 
needed to quantify parameters of speed, 
smoothness, and grade for various types of 
heavy vehicles. 
 
Prem et al. conducted tests which were aimed 
at estimating the lane width requirements for 
certain heavy vehicle combinations on 
straight path travel. It was found that cross-
slope was the greatest contributor to 
variations in lateral displacement, and that 
this effect of cross-slope was quite 
predictable. Speed was another factor that 
influenced the amount of lateral displacement. 
 
Lane width requirements were determined for 
the different vehicles by adding the width of 
the heavy vehicle (2.5m) to the maximum 
likely deviations of the trailers in either 
direction (±3 standard deviations of the lateral 
displacement). This would allow 99% of the 
displacements to lie within the specified lane 
width (Figure 2-1). The authors of the report 
recommended that the lane width 
specification should be verified against a road 
that is known to have poor tracking 
characteristics, before the widths are adopted 
into any guidelines (Prem et al., 1999; Lennie 
et al., 2003). 
 
 
Figure 2-1: Lane Width Requirements for Heavy 
Vehicles (Prem et al., 1999) 
 
3 Testing Objectives 
A testing program was undertaken by 
Queensland University of Technology (QUT), 
Queensland Department of Main Roads 
(QDMR) and Queensland Transport (QT), as 
reported in Haldane (2002). 
 
The overall project objectives from Haldane’s 
(2002) preliminary review of tracking ability 
testing are as follows:  
 
1. To determine lateral displacement history 
of an MCV on a straight route of high 
roughness.  
2. To identify the factors that most influence 
lateral displacement so they may be 
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moderated in future vehicle and road 
design.  
3. To provide relevant information, which 
will assist the development of the standard 
titled ‘Route Assessment Guidelines for 
Multi-Combination Vehicles in 
Queensland’ (QDMR, 2003). 
 
4 Testing Procedure 
Haldane’s (2002) tracking ability tests were 
undertaken between 6 and 21 August 2001. 
Six MCV’s, ranging in size from a B-double 
to a Triple Road train, were driven along a 
straight route whilst the lateral displacements 
of the trailers were recorded on video tape 
from a camera located on top of the prime 
mover cabin. Angular transducers measured 
the steer angle between the tyre direction and 
the prime mover body. In this current study, 
this data will be used to correct for the camera 
being mounted on a moving frame of 
reference, due to yawing of the prime mover. 
 
Test preparations were conducted as follows: 
 
1. QDMR Pavements Materials and 
Geotechnical Division collected 
roughness data at 20m intervals for both 
the inner and outer wheel paths. 
NAASRA Roughness (NRM) and 
International Roughness Index (IRI) were 
determined. 
2. A start line and finish line were painted 
along the road for calibration purposes. 
3. A video camera was attached to the 
hauling unit and directed to the rear of the 
vehicle. This would allow for the 
recording of the rear trailer’s movements. 
4. Tracking ability boards were attached to 
the top of the trailers, so that the lateral 
displacements could be measured. 
5. A notebook computer was set up to 
record distance and time measurements 
and to place cross hairs on the video 
screen. The cross hair is a dotted line on 
the video screen which indicates the 
position of the prime mover centre-line, 
relative to which the lateral displacement 
of the trailers (tracking ability boards) 
could be measured. This image was 
displayed in the top half of the video 
screen. (Figure 4-1). 
6. A second camera was positioned on the 
vehicle to capture images of the front 
right hand wheel and part of the road. 
This picture enables verification of the 
prime mover’s position within the lane. 
This image was displayed in the bottom 
of the video screen (Figure 4-1). 
7. The test vehicle was straightened and the 
cross hairs on the video screen were 
calibrated to the middle of the tracking 
boards by visual determination (Haldane, 
2002; Lennie et al., 2003). 
 
The test commenced with the vehicle 
accelerating under normal conditions from a 
standing position to the testing speed.  The 
recording of chainage, date, time and video 
images commenced immediately. 
 
 
Figure 4-1: Output from video recordings (Haldane, 
2002) 
 
5 Test Vehicle 
 
The test vehicle analysed in this current study 
was a B-Double with a length of 25.36m and 
a mass of 62.10 tonne (Figure 5-1). (Haldane, 
2002; Lennie et al., 2003) 
 
Figure 5-1: B-Double test vehicle (Haldane, 2002) 
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6 Test Site 
The vehicle was tested on a 4.21 km section 
of the Toowoomba-Cecil Plains Road in 
Southern Queensland. The alignment was 
generally straight, except for one sweeping 
curve towards the end of the section, data for 
which was excluded from processing. The 
speed limit along this section of road was 
100km/h. The road had an average cross fall 
of 3% from the crown of the road (according 
to construction plans) and consisted of a 
flexible granular pavement. Roughness of the 
road was generally between 50 and 100 
NAASRA counts/km, with occasional spikes 
up to 150 counts/km. Seal width varied 
between 6.2 and 7.0 m. The average annual 
daily traffic for the section of road was 162 
vehicles (Haldane, 2002). The road is 
currently designated as a Double Road Train 
Route and is an important freight link for the 
Eastern Downs of Queensland (EDROC & 
Queensland Transport, 1999). 
 
7 Video Footage Data Processing 
 
The data was processed in two stages: The 
first stage, discussed in this section, involved 
processing the lateral displacement of the 
rearmost trailer’s tracking ability board 
relative to the prime mover centre-line, as 
represented by the cross-hairs on the video 
footage. This data processing was analysed 
and reported in Lennie et al. (2003) with the 
initial intention of capturing the lateral 
displacements of the trailers and determining 
a lane width requirement for each vehicle. 
However, a bias was observed, which 
required further analysis to determine the 
absolute lane width requirements.  
 
The original procedure enabled the lateral 
displacements of the trailers to be measured 
relative to the direction of the prime mover. 
This is correct when the prime mover is 
travelling parallel to the road (Figure 7-1 left). 
However, as in normal driving, the driver 
frequently altered the steering of the prime 
mover, therefore changing the bearing of the 
prime mover relative to the road (Figure 7-1 
right). Uncorrected, this created a bias in the 
determination of the trailer lateral 
displacement relative to the axis of the road 
(Lennie et al., 2003). 
 
To correct for this bias, the steer angle history 
of the prime mover was analysed to determine 
the prime mover position and bearing with 
respect to the road. Figure 7-2 illustrates the 
data processing procedure 
 
 
Figure 7-1: Change in prime mover direction produces a bias in lateral displacement results 
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Figure 7-2: Process for deriving lateral 
displacement envelope 
 
To do this the prime mover bearing and the 
angle between the prime mover axis and the 
trailer axis was needed. By knowing the 
lateral displacement and the distance between 
the tracking ability boards and the camera, 
angle ψ (Figure 8-1) can be determined as 
follows:  
 



≈
−
T
TPM
L
X1tanψ  
Equation 7-1 
where : 
ψ = Angle between prime mover axis and 
rear trailer axis, 
XTPM= Lateral displacement as recorded from 
video footage (Figure 4-1), and 
LT = Aligned distance from camera to 
boards 
 
8 Lateral Displacement Analysis 
 
The second stage involved processing the 
steer angle data to correct the bias observed in 
the previous stage. The raw steer angle data in 
its original form was not suitable for the 
corrections, and as a result, a number of 
geometric adjustments were needed.  
 
 
Figure 8-1: Angle between prime mover and trailer 
 
The derivations of the prime mover motion 
relate to the prime mover solely. The trailers 
are considered afterwards. 
 
Data-sampling intervals for the two data 
collecting processes differed quite 
significantly (3.4m vs. 9m). Therefore, when 
the calculations were combined, the longer 
sampling rate was adopted. The data was 
aligned according to chainage using a 
spreadsheet lookup function. 
 
8.1 Prime Mover Steer Angle 
Steer history plots provided data on the angle, 
θ, between the steering tyres and the prime 
mover body as well as the corresponding 
distance and time measurements. This 
information reflected that, even though the 
test route was straight, the driver made small 
adjustments to the steering in response to road 
and vehicle inputs, which resulted in the 
vehicle following a path that oscillated about 
a straight line of travel on the road.  
 
Prime Mover Movement 
within Increment  
Angle between Prime 
Mover & Rear Trailer 
Updated Orientation 
relative to Kingpin‡ 
Updated Trailer Bearing 
Video Footage Data 
Processing 
Prime Mover Steer 
Angle† 
Prime Mover Travel 
Path Model† 
† Bias Corrections also made 
‡ This step is processed once for the entire vehicle movement. 
  Other steps are processed & accumulated incrementally.  
Stage 1:  
Video Analysis  
Stage 2: Lateral 
Displacement Analysis
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Figure 8-2: Radius calculated from steer angle 
 
Assuming that the steer angle (θ) is the same 
for both inner and outer steer wheel paths, 
which is considered acceptable for small 
angles, and that the centre of the wheel path 
of the rear bogie tracks as shown in Figure 
8-2, the radius of the curve tracked by the 
centre wheel path of the bogie may be 
approximated as follows: 
 
θsin
LR ≈  
Equation 8-1 
where: 
R = Radius of curve, 
L = Prime mover wheelbase, and  
θ = Steer angle. 
 
This assumes there is no tyre slip at either the 
steer or drive tyres, so that the prime mover 
can be assumed to be rotating about a point 
given by the intersection of lines 
perpendicular to the tyres. 
8.2 Prime Mover Travel Path Model 
The data logger recorded measurements every 
3.4m on average; however, a further 
assumption was needed to model the prime 
mover travel path over the entire route 
including intermediate points within these 
3.4m increments. 
 
Each increment is defined as a section of the 
test route starting at a steer angle 
measurement and ending at the following 
measurement. Intermediate steer angle points 
were modelled using an average of the steer 
angles at the start and end of the increment.  
 
During a particular increment, the prime 
mover is assumed to move along an arc of 
constant radius (R). Figure 8-3 shows how the 
prime mover trajectory may be modelled 
using this incremental circular path 
assumption. A vehicle starts at the bottom of 
the figure and travels on a straight path 
(R1=∞) through the first increment. During 
the second increment, the vehicle yaws right 
at a constant radius of curvature (R2). 
Similarly, in increment three, the vehicle 
yaws left with a constant radius (R3). As a 
result, the actual travel path of the prime 
mover (darkened line) oscillates about a 
straight travel path axis, which is the driver’s 
intended path. 
 
 
Figure 8-3: Travel path model for the prime mover 
 
8.3 Prime Mover Movement within 
Increment 
8.3.1 Change in Prime Mover bearing 
over an increment 
It is assumed that the prime mover’s drive 
axle group moves along an arc with an 
internal angle (∆φn) as shown in Figure 8-3. 
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This angle represents a fraction of a circle of 
2π radians, which in turn is proportional to 
the fraction of the length of the arc divided by 
the total circumference. This is reduced to:  
 
n
n
n R
d∆
=∆φ  Equation 8-2  
where: 
∆φn= change in bearing over increment n 
∆dn= distance moved during increment n (arc 
length) 
 
8.3.2 Updated Prime Mover Bearing 
The current prime mover bearing may be 
determined by summing the changes in 
bearing from every previous increment as 
shown below. It is assumed that the bearing at 
the beginning of the test is zero, 
corresponding to the straight travel path axis.  
 
nnn φφφ ∆+= −1  Equation 8-3 
nnn φφφφφφ ∆+∆++∆+∆+∆= −1321 ...   
 
8.4 Updated Trailer Bearing 
The bearing of the prime mover and the angle 
between the prime mover and trailers were 
able to be determined by completing the 
derivations in previous sections of this paper. 
 
To this point, only the prime mover position 
was considered, ignoring the positions of the 
trailers. It is now necessary to consider the 
entire combination. Figure 8-4, for simplicity, 
shows an outline of the prime mover followed 
by a rectangular shape representing all of the 
trailers of the MCV combination. 
 
Angles ψ and φ  (derived from Equation 7-1 
and Equation 8-3 respectively) are shown on 
the diagram. The bearing of the trailers 
(β) relative to the solid line (vehicle 
centreline) is then given by 
 
φψβ −=  Equation 8-4 
 
 
Figure 8-4: Notation 
where: 
β = Trailer bearing, 
φ = Prime mover bearing, 
ψ = Angle between trailers and prime mover, 
LT = Trailer length between kingpin and back 
of the rearmost trailer, 
LPM= Prime mover length forward of the 
kingpin, 
XPM=Lateral distance between the front centre 
of the prime mover and kingpin position, 
and 
XT = Lateral distance between the rear centre 
of rearmost trailer and kingpin position 
 
8.5 Updated MCV Orientation relative 
to Kingpin 
Lateral positions of the centre front of the 
prime mover and centre rear of the last trailer 
from the vehicle centreline are approximated 
as follows:  
 
nPMPM LX φsin=  Equation 8-5 
nTT LX βsin=  Equation 8-6 
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8.6 Bias: Accumulation and Removal  
Further data analysis was undertaken to 
remove two additional sources of bias from 
the model described above.  
 
8.6.1 Raw Steer Angle Data Offsets 
Table 8-1 is an excerpt of the data file for the 
B-Double over a distance of 5.1 m and time 
of 2.590 seconds from the starting position. 
 
Table 8-1: Extract of Steer Angle Data from the 
beginning of the test (B-Double) 
Time (msecs) Dist (m) Steer (deg) 
3212 0 1 
3412 0.3 0.6 
3616 0.6 0.5 
3817 0.9 0.5 
4386 1.9 0.5 
4415 1.9 0.5 
4455 1.9 0.5 
4602 2.2 0.4 
4802 2.5 0.5 
5007 3.2 0.5 
5207 3.5 0.5 
5412 4.1 0.6 
5617 4.7 0.5 
5802 5.1 0.5 
 
This table shows that the average recorded 
steer angle (θ) for the B-Double over this 
interval was approximately 0.54 degrees. This 
is also shown as the dark line in Figure 8-5.  
 
On first glance, this indicates that the prime 
mover would have been yawing to the left 
quite rapidly even though the test section was 
straight. However, this was not the case. This 
may have been caused by inaccurate 
equipment calibration or error accumulation.  
 
The darker plot in Figure 8-5 shows the raw 
steer angle data for the B-Double. The steer 
angle appears to oscillate around a value other 
than zero. Initially the value appears to 
oscillate around 1.0 degrees; however, this 
increases to 1.3 degrees towards the end of 
the test. Three methods for filtering the raw 
steer angle data were considered, as follows: 
 
• Subtracting sample average 
• Subtracting trendline equations 
• Subtracting progressive averages 
 
 
Figure 8-5: Correcting steer angle offset by 
subtracting the progressive average 
 
The last method aimed to correct for initial 
offset and the creep in offset. This method 
was found to produce the best results and 
returned a steer angle history that oscillated 
about zero.  
 
 
Figure 8-6: Bearing bias for prime mover corrected to oscillate around zero (B-Double)  
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8.6.2 Bias due to Varying Sampling 
Intervals 
This section refers to data processing methods 
described in the Prime Mover Travel Path 
Model (Section 8.2). The method of 
separating the test route into small increments 
of circular travel paths introduced modelling 
inaccuracies when distance and time 
measurements were not recorded at set 
intervals. For example, during the B-Double 
testing, the data logger failed to record 
measurements for 4.2 s or 91m starting at a 
chainage 56.7916km, whereas on average the 
logger made records every 3.7m over the 
length of the road. At this point, the steer 
angle recording was 1.4 degrees.  
 
According to the above increment 
assumption, the vehicle would be modelled as 
travelling at the set angle of 1.4 degrees for 
91m producing a large curve (the light plot in 
Figure 8-6) in the vehicle path, which did not 
exist in reality. Corrections were made by 
subtracting the average of the surrounding 40 
bearing values from the raw bearing in a 
similar approach to Section 8.6.1. The 
corrected prime mover bearing is shown as 
the dark plot in Figure 8-6. This correction 
also amends smaller errors due to the logger 
recording at varying intervals throughout the 
remainder of the test.  
 
9 Preliminary Results 
Figure 9-2 is a graph of the lateral distance 
perpendicular to the road between the kingpin 
and  
1. Front centre of the Prime Mover and  
2. Rear centre of the Rearmost Trailer 
 
The graph shows that the sign of the 
displacements for the prime mover are 
opposite to the trailer for 85% of the test 
duration, indicating that the combination most 
often travelled on a slight angle to the 
direction of the road as shown in Figure 9-1.  
 
 
Figure 9-1: Common vehicle orientations 
 
 
Figure 9-2: Prime mover and trailer lateral width due to tracking ability (B-Double) 
 
 9. 
 
Figure 9-3: Corrected and uncorrected lateral displacement results 
 
Further, Figure 9-2 shows an oscillating 
pattern indicating that the total lateral 
displacement either side of the vehicle 
centreline should be summed when 
determining the final lane width requirements. 
Since the range of prime mover lateral 
displacements never exceeded the range of 
lateral displacements from the trailers, the 
prime mover displacements are not critical. 
9.1 Comparison to Uncorrected 
Results 
The dark line in Figure 9-3 shows the 
original, uncorrected, lateral displacement 
relative to the prime mover’s bearing. The 
lateral displacement relative to the road axis, 
shown as the lighter line, appears to be 
amplified; however generally is of the same 
sign. Referring back to Figure 7-1, this 
diagram shows how the perceived lateral 
displacement increased when it is taken 
relative to the road axis rather than the prime 
mover direction. 
 
Some inconsistencies are noticeable between 
the chainages 56.5-57 km and 58-58.5 km, 
which may be due to irregular steer angle 
sampling intervals. Future analysis will 
consider the road segments outside these 
chainages separately to avoid the effect of 
bias.  
10 Discussion  
 
Oscillations of the front of the prime mover 
and rear of the rearmost trailer were common 
throughout the tests as shown in Figure 9-2. 
The prime mover was found to oscillate at a 
slower rate (9 oscillations/km) and with a 
lesser amplitude. The rear trailer oscillated at 
14 times per km on average. The lower 
amplitude is possibly caused by the shorter 
wheelbase length on the prime mover than the 
trailers and the lower frequency may occur 
because the driver had more control of the 
position of the prime mover than the position 
of the trailers. As a result, it is recommended 
that further full scale testing be completed on 
the effects of increasing the trailer position 
control on tracking ability performance, for 
example through the use of steerable axles on 
trailers. 
 
Figure 10-1 shows the calculated extra lateral 
width and the corresponding road roughness 
at the same chainage. A visual comparison 
shows minor correlations that are offset in 
chainage. It is expected that the offset occurs 
because roughness will have a delayed effect 
on the displacements of the trailers. When 
five outliers are removed and roughness and 
displacement are offset (by chainage), the 
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strongest correlation is 0.36 indicating that 
some dependence may occur. 
 
 
Figure 10-1: Comparison of extra lateral width and 
road roughness 
 
11 Conclusion 
The study identifies a method for combining 
prime mover steer angle measurements with 
lateral displacement data collected from a 
rearward-facing video camera on top of the 
prime mover. The two measurements were 
merged by considering the prime mover 
bearing, trailer bearing and the angle between 
the prime mover and the trailer. 
 
The results show that the prime mover 
displacements never exceeded the trailer 
displacements in any oscillation, so the prime 
mover’s position is not critical. Further, 
correction for the prime mover heading angle 
has been seen to lead to an increased estimate 
of lateral displacement. 
 
12 Future Analysis 
 
This project has identified several areas 
requiring further analysis:  
 
• Improved methods for correlating 
roughness that better incorporate the delay 
between the road roughness and when the 
oscillations are experienced by the rear 
trailer. 
• The lateral drift of the prime mover in the 
lane due to steering. This will influence the 
final lane width requirements for the 
vehicle. 
• The transient lateral envelope of the 
vehicle during one oscillation including 
vehicle width, lateral drift and the effect of 
tracking ability. 
• The effect of steerable axles on tracking 
ability. 
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